In mammals, including humans, a brain-gut hormone, cholecystokinin (CCK) mediates the satiety effect via CCK-A receptor (R). We generated CCK-AR gene-deficient (-/-) mice and found that the daily food intake, energy expenditure, and gastric emptying of a liquid meal did not change compared with those of wild-type mice. Because CCK-AR(-/-) mice show anxiolytic status, we examined the effects of restraint stress.
In the peripheral organs, species differences in the expression of CCK-Rs have been reported [1] . Although the dominant expression of CCK-AR has been observed in the pancreas of rodents, and CCK-AR was found to mediate pancreatic exocrine secretion [1] , an expression of CCK-AR has not been detected in the human pancreas; it has, however, been detected in the human gallbladder [13, 14] . It is now believed that CCK stimulates the human pancreas indirectly via the vagus [15, 16] . Vagal afferent fibers in the stomach and duodenum play an important role in the regulation of gastrointestinal (GI) functions [17] . CCK-Rs are present on the subdiaphragmatic vagal afferent fibers in the stomach and duodenum, and CCK-AR has been localized in the nodose ganglia [18, 19] . CCK-AR appears to mediate the transmission of sensory information from the GI tract to the brain [17, 20] ; that is, CCK activates CCK-AR on the vagus nerve to transmit sensations of fullness to the brain, which subsequently terminates feeding behavior. Thus in all mammals, including humans, CCK mediates the satiety effect via CCK-AR [1, 21] .
Recently we generated CCK-AR gene-deficient (-/-) mice [22] . We observed that daily food intake and gastric emptying in CCK-AR(-/-) mice did not differ from those in wild-type mice as long as the animals were maintained without any treatment [23, 24] , though it is known that the administration of CCK inhibits gastric emptying and food intake in wild-type mice [21, 24] . We previously observed [25] that CCK-AR(-/-) mice showed increased locomotor activities and anxiolytic status in the plus-maze. Because the function of the digestive organs is controlled by the central nervous system [17] , in the present study we designed experiments to examine the effect of stress on food intake and gastric functions in CCK-AR(-/-) mice, compared with those in wild-type mice. Moreover, monoaminergic systems are important modulators of the responses to stress, and the involvement of monoamines in the control of food intake is well recognized. Based on the evidence that CCK interacts with dopamine and 5-HT in the brain, we determined the tissue concentrations of dopamine, 5-HT, noradrenalin, and their metabolites in the brains of CCK-AR(-/-) and wild-type mice.
MATERIALS AND METHODS
Animals. The present experimental protocol was reviewed and approved by the appropriate committee of the Tokyo Metropolitan Institute of Gerontology. We are also obligated to follow the Guiding Principles for the Care and Use of Animals in the Field of Physiological Sciences.
The progenitor strain for CCK-AR(-/-) was C57BL6J [25] . More than seven generations of backcrossing were completed. The mice were fed commercial chow (CRF-1: Charles River Japan, Inc., Yokohama, Japan). Age-matched (8-10 months) male mice were maintained in individual cages in a temperaturecontrolled room at 21°C with 55 ± 5% humidity and with a 12-h light/12-h dark photo cycle (08:00-20:00) at the Tokyo Metropolitan Institute of Gerontology. The cage size was 18 cm × 30 cm × 11 cm high.
Restraint stress and food intake. Body weight was measured from 9:00 to 10:00. According to the method previously reported by Kanno et al. [26] with minor deformity, the mice were subsequently restrained in plastic tubing 10 cm long with a diameter of 2.7 cm. After 7 h of restraint, they were released and body weight was again measured. They were fed previously weighed amounts of food at 17:00, then all food, including crumbs, was also weighed at 9:00 a.m. the next day. The food consumed during this period was assigned to the daily food intake (g/kg/day), because rodents are active and eat during the night. Body weight was measured from 9:00 to 10:00 for 5 days beginning on the day of restraint. No test animals fasted.
Restraint stress and gastric emptying of a liquid meal. A liquid gastric load was prepared with 50 mg of phenol red in 100 ml of aqueous methylcellulose (1.5%) [24] . The liquid gastric load (prewarmed to 35°C) was administered via an orogastric tube (0.15 ml/mouse for each strain), and the animals were killed by decapitation after 10 min. The stomach was then exposed by laparotomy, quickly ligated at the pylorus and the cardia, and removed. Some animals were killed immediately after administration of the meal and used as controls (100% phenol red in the stomach = 0 min). The experiments were conducted from 9:00 to 11:00 a.m.
The stomach and its contents were homogenized in a Waring blender with 100 ml of NaOH (0.1 N). The mixture was then maintained at room temperature for 1 h, after which 5 ml of the supernatant was added to 0.5 ml trichloroacetic acid solution (20% w/v) to precipitate the proteins. Following centrifugation (2,500 × g for 20 min), the supernatant was added to 4 ml of NaOH (0.5 N) to develop maximum color intensity. The solutions were then read at 560 nM, and the calculations were as follows:
average amount of phenol red recovered from the standard stomach Measurement of gastric acid secretion before and after restraint stress. Gastric acid secretion was examined following Shay's method as described by Nagata et al. [27] . At 10:00 on the fourth day after restraint stress, the mice were anesthetized with ether for epigastric laparotomy. After the pylorus was ligated, the abdominal incision was sutured, and the stomach was removed 3 h later to collect the gastric juice. The acid output was determined by titrating the gastric juice with 0.1 M NaOH to pH 7.0.
Determination of dopamine, 5HT, and noradrenalin by HPLC. The test animals of each genotype, including both those that had undergone restraint stress and the controls without restraint stress were decapitated from 10:00 to 11:00 at 4 days after restraint stress. The hypothalamus, hippocampus, striatum, and the middle part of cerebral cortex (cerebral cortex was divided into three parts; frontal, middle, and occipital parts) were quickly removed, immediately weighed, and homogenized in 0.2 M perchloric acid containing 100 µM EDTA on ice. After 30 min, the samples were centrifuged at 20,000 × g for 15 min. The supernatants were filtered with 0.45-µm filter paper. The contents of dopamine and its metabolites (3,4- with electrochemical detection as described in a previous report by Gamache et al. [28] .
Statistical analysis. The results were analyzed by a multiple analysis of variance (MANOVA) with repeated measures or by one-way ANOVA, followed in both cases by Fisher's protected least significant difference (PLSD). P < 0.05 was considered to be significant.
RESULTS

Changes in daily food intake and body weight
Body weight was found to be decreased immediately by restraint stress; however, it then recovered. The changes in body weight were significantly different with respect to time (F [1, 7] Daily food intake decreased significantly after restraint stress in both genotypes, then recovered to prerestraint levels in wild-type mice, and the daily food intake on the fourth day after restraint surpassed prerestraint levels in CCK-AR(-/-) mice (F[1,16] = 5.48, p = 0.033 with respect to genotype, and F [1, 7] = 28.25, p <0.0001 with respect to time by MANOVA). This increased daily food intake was significantly higher than the corresponding value in wild-type mice (Fig. 1) .
Gastric emptying of a liquid meal and gastric acid secretion after restraint stress
Gastric emptying in wild-type mice tended to be higher than in CCK-AR(-/-) mice; however, no statistically significant differences were found (t = 2.09, p = 0.051) ( Table 1) . Gastric acid secretion did not differ between the two groups ( Table 1) .
Monoamine contents in the brain
Changes in dopamine and its metabolites were correlated to one another, and the sums of dopamine and its metabolites are shown in Table 2 . The concentration of dopamine and its metabolites in the striatum significantly decreased on the fourth day after restraint stress (F[1,22] = 6.84, p = 0.016), but there were no significant differences between the two genotypes (F [1, 22] = 0.045, p = 0.84) ( Table 2 ). The concentrations of dopamine and its metabolites in the hypothalamus and hippocampus tended to increase, though not significantly (p = 0.26 and 0.84, respectively) on the fourth day after restraint stress, and these changes did not differ between genotypes (p = 0.23 and 0.84, respectively). In contrast, although changes in the contents of dopamine and its metabolites in the cerebral cortex were not significant with respect to either stress alone (F [1, 22] = 0.97, p = 0.34) or to genotype alone (F[1,22] = 3.85, p = 0.063), the interaction of Table 1 . Gastric emptying (%) and gastric acid secretion (µmol/3 h/10 g body weight) on the fourth day after restraint stress.
Genotype
Wild-type mice CCK-AR(-/-) mice Gastric emptying 55.1 ± 6.3 (11) 37.0 ± 5.2 (8) Gastric acid secretion 38.9 ± 4.1 (9) 38.7 ± 4.3 (7) Values are the mean ± SE, and the numbers in parentheses are the number of animals. No significant differences were found. treatment and genotype were significantly different (F[1,22] = 5.19, p = 0.033); dopamine and dopamine metabolites contents increased in the CCK-AR(-/-) mice, but decreased in the wild-type mice, and their concentrations in the cerebral cortex of CCK-AR(-/-) mice on the fourth day after restraint was significantly higher than the values observed for the CCK-AR(-/-) mice before stress (p = 0.017) and for the wild-type mice after stress (p = 0.045) ( Table 2 ). Contrary to the variable changes in dopamine contents in the variable brain regions, the sums of the concentrations of 5-HT and its metabolite 5-HIAA were found to have decreased on the fourth day after restraint in all brain regions examined ( Table 3 
Brain region genotype
No stress (6) 4 days after stress ( with respect to the interaction of genotype and stress (F[1,22] = 4.18, p = 0.053) ( Table 3) .
The contents of noradrenalin and its metabolites did not differ with respect to treatment or genotype (data not shown).
DISCUSSION
After release from the restraint stress, the mice showed transient decreases in body weight and food intake. The daily food intake recovered to prestress levels in the wild-type mice on the fourth day after stress, and the CCK-AR(-/-) mice showed a food intake on the fourth day that was higher than before stress.
To examine the mechanism of this overeating on the fourth day after restraint stress, we first examined gastric emptying. The vagal afferent nerve terminals in the stomach and duodenum are responsive to CCK, leptin, serotonin, interleukin (IL-1β), and mechanical stimuli [17] [18] [19] [20] . These visceral inputs are integrated on interneurons of the NTS. The NTS, in turn, projects to the hypothalamus, which is a regulatory center of energy metabolism, including satiety. The distribution of CCK-AR in the nodose ganglia as well as in the NTS has previously been reported [19] . CCK is known to inhibit gastric emptying via CCK-AR in the vagal afferent nerve terminals of the stomach [1, 24] . We expected that the lack of CCK-AR could have enhanced gastric emptying and increased food intake; however no significant differences were found between the two genotypes.
Because CCK-AR is known to inhibit gastric acid secretion via somatostatin secretion [29] , we examined gastric acid secretion and found that it was not significantly different between the two genotypes on the fourth day after stress (Table 1) . Therefore we can safely rule out the possibility that alterations in gastric emptying or gastric secretion might have contributed to overeating in the CCK-AR(-/-) mice.
In the central nervous system, the significant effects of restraint stress on monoamine contents were observed. The contents of 5-HT and its metabolite 5HIAA significantly decreased in the striatum and cerebral cortex; however, these changes were not different between the genotypes. In contrast, the contents of dopamine and its metabolites in the cerebral cortex significantly increased in CCK-AR(-/-) mice on the fourth day after restraint stress, but those in wildtype mice decreased ( Table 2 ). The concentrations of dopamine and its metabolites in other regions of the brain did not differ between the genotypes. Both 5-HT and CCK are well known to inhibit eating [10] [11] [12] . In the present study, however, no difference in 5-HT and 5-HIAA contents in the brain was observed between CCK-AR(-/-) and wild-type mice. The motivation to eat involves the posterior shell region of the nucleus acccumbens, and CCK is known to modulate dopamine release from the nucleus accumbens [5-7, 10, 29, 30] . The accumbens shell receives inputs from limbic regions as well as from the medial frontal cortex and sends outputs to the hypothalamus [10-12, 30, 31] . The dopamine content in the cerebral cortex was found to be increased after stress in the present study. A previous report by Szczypka et al. [32] found that dopamine-deficient mice showed both hypoactivity and hypophagia. Since an animal model with overexpressed dopamine is not yet available, it is unknown whether an increased dopamine level plays an essential role in an increase in food intake.
Although the daily food intake on the fourth day after stress in CCK-AR(-/-) mice was higher than in wild-type mice, body weight, which reflects the balance of energy intake and energy consumption, did not differ between the genotypes. Spontaneous energy expenditure in CCK-AR(-/-) mice was not different from that in wild-type mice [23] . However, the energy expenditure after restraint stress might have been altered because CCK-AR(-/-) mice showed a different level of anxiety from that of the wild-type mice [25] . As shown in our previous report [25] , locomotion activity in CCK-AR(-/-) mice increases after stress, and energy expenditure might therefore also increase, resulting in constant body weight, though we did not measure energy expenditure after restraint stress in the present study. Therefore an increase in dopaminergic function, rather than a decrease in serotonergic function, might have some role in regard to overeating on the fourth day after restraint stress in the CCK-AR(-/-) mice, possibly by altering the motivation to eat and/ or the energy metabolic rate.
In summary, CCK-AR(-/-) mice showed overeating after restraint stress. The CCK-AR function and/or dopaminergic hyperfunction might be involved in this overeating.
